This paper presents an extensive investigation of the mixing processes occurring in the subtropical monomictic Advancetown Lake, which is the main water body supplying the Gold Coast City in Australia. Meteorological, chemical and physical data were collected from weather stations, laboratory analysis of grab samples and an in-situ Vertical Profiling System (VPS), for the period 2008-2012. This comprehensive, high frequency dataset was utilised to develop a one-dimensional model of the vertical transport and mixing processes occurring along the water column.
Introduction
Continuously monitoring and understanding the physical and biogeochemical cycles of lakes or reservoirs used for drinking water purposes is vital for water suppliers. A limited understanding of these cycles often leads to inadequate management practices and an increased prevalence of raw water sourced from surface waters failing to meet drinking water standards with conventional treatment, which in turn significantly diminishes the confidence of the community in the water service provider.
Typically, the most important physical and chemical parameters of a water storage reservoir are monitored on a regular basis. However, these data are often collected and stored without any consideration for its decision-making purposes, thereby adding little value (Zaw and Chiswell, 1999) ; poor data collection techniques and organization are typically recognised as being the main causes of inefficient reservoir management (Mohan et al., 1996) . Hence, there should be more strategic consideration of the use of collected and stored data for the purpose of gaining a complete understanding of the physical and chemical processes of the reservoir.
The most important parameters currently monitored, to which many other chemical and physical processes are related, are water temperature, dissolved oxygen and pH. More specifically, the chemical processes and the activities of organisms in a lake are both highly dependent on the seasonal thermal cycle of the lake (Dodds, 2002) . For subtropical lakes, the temperature is always relatively high and no layer in the water column will ever drop below 4°C. In these lakes, the water column is usually thermally and chemically stratified for most of the summer, spring and even autumn with a warmer, oxygen-rich surface layer called the epilimnion and a colder, oxygen-poor bottom layer called hypolimnion (Tundisi and Matsumura, 2011) . Solar radiation causing heating of the surface waters of the lake and photosynthesis is the key driver of both thermal and chemical stratification processes. Photosynthesis also aids the removal of acidic CO 2 forms such as HCO 3 -resulting in a more alkaline pH level in the epilimnion. In the deeper, more acidic hypolimnion, the photosynthesis does not occur and the oxygen is depleted through microbial oxidation of organic matter (Bertoni, 2011) or bacteria respiration and denitrification activities (Socolofsky and Jirka, 2004; Tundisi and Matsumura, 2011) . Such a reducing, hypoxic environment is typically rich in nutrients, mainly because of precipitation from the epilimnion (Hulth et al., 1999) or flux from the sediments (Fisher et al. 2005) . Under stratified conditions, the water of the epilimnion and the hypolimnion are well separated by the transition layer, called metalimnion, and the level of nutrients in the epilimnion is low. However, turbulent events such as rainfall or strong winds can create mixing and bring high nutrients loads to the surface waters. In particular, strong and persistent wind events, coupled with a long fetch, induce internal and surface seiches (Bertoni, 2011) and even sediment re-suspension (Abesser and Robinson, 2010) . These events are magnified during winter, when the gradient of water temperature drops along with the solar 4 radiation and air temperature; colder, denser water plumes precipitate from the epilimnion downwards towards the hypolimnion (Bednarz et al., 2011) . Strong winds can accelerate this mixing process (Zhang and Chan, 2003) . Ultimately, the difference in the water temperature at all levels in the water column approaches zero and the lake destratification occurs. Subtropical lakes and reservoirs destratifying once per year during winter are called warm monomictic, while if they only partially mix they are called meromictic (Tundisi and Matsumura, 2011) . During the period of destratification, the water is well mixed vertically with most of its chemical and biological constituents typically having similar concentrations throughout the entire water column (Nürnberg, 1988) . Understanding the mixing processes leading to stratification or destratification is crucial for water suppliers as certain water constituents (e.g. manganese) in the epilimnion, where the water is drawn from, can fluctuate significantly in this period, making it more challenging for treatment plant operators to ensure that this water can achieve drinking water guidelines before being distributed.
Because of the importance of these phenomena, several studies have been completed. Elçi (2008) investigated the structure of thermal stratification and its effects on the water quality of a Turkish reservoir, focusing on the dissolved oxygen and turbidity variations. This study had a comprehensive dataset of field measurements that enabled a deep understanding of the relationships between meteorological factors and water quality parameters through a series of nondimensional indexes and multivariate analysis. The results indicated how air temperature and lateral flows affect the dissolved oxygen concentrations, while rain and wind mostly influence the turbidity levels. Tuan et al. (2009) explored water mixing in a shallow Japanese lake. Their study utilised non-dimensional "stratification strength" indexes, basic statistical analysis and heat exchange equations to model the water mixing process. In such a shallow lake, the diurnal stratification was mostly affected by wind action, with thermal heating playing a minor role during strong wind events. In cases where the lake has high horizontal velocities, three-dimensional numerical models derived by multiple data collection points in the reservoir are often necessary (Akitomo et al., 2004; Akitomo et al., 2009; Kitazawa, 2012) . However, where horizontal velocities are relatively slow, a one-dimensional analysis can provide reliable results, and are often preferable when the water quality problem being examined is near the location of the data collection system as was the case in this study.
In the present study, the research location is Advancetown Lake, which supplies most of the water to Gold Coast City in Queensland, Australia. Large amounts of in-situ Vertical Profiling System (VPS) data were collected approximately 150 m from the dam wall (indicated in red in Figure 1 ) since 2008 at a 3 hourly recording interval. Additionally, grab samplings were collected and analysed on a weekly basis. Because of the features of the data, which were collected continuously at various depths at the same location, the mixing dynamics of a one-dimensional vertical profile could be created. Applying the more commonly implemented VPS technology and associated streamed data to model the mixing dynamics of such a sub-tropical reservoir has not yet been presented in the literature.
Advancetown Lake present similar depth and inflows characteristics of other reservoirs where onedimensional models were applied assuming horizontal homogeneity (see e.g. Helfer et al. 2011);  hence, VPS data can be appropriately inputted into one-dimensional time-dependent dynamic equations in order to calculate vertical velocities and diffusivity coefficients. The high frequency (3 hours) of the VPS data guarantees stability to such a numerical model, which could not have been implemented in cases where only traditional lower-frequency sampling data are available.
Moreover, VPS data also enables further analysis of intra-daily mixing processes, such as nighttime mixing during winter or surface wind mixing during summer. Furthermore, multivariate and non-dimensional analyses were performed using algorithms that were able to automatically calculate the extent of correlation between different variables. Ultimately, a one-dimensional study of internal waves was included too. The proposed methodology aims to make the most of this form of collected data (i.e. high-frequency one-dimensional data) for reservoirs of similar characteristics (i.e. medium-size, relatively deep, subtropical) in order to provide a better understanding of the causes and effects of the mixing processes affecting similar lakes. Presently, water quality is primarily monitored through laboratory analysis of manual water samplings on a weekly basis. Also, since 2008 an in-situ Vertical Profiling System (VPS) was installed. This VPS consists of a YSI Sonde suspended by a cable to a floating buoy which is automatically winched up and down the water column and collects water quality parameters such as water temperature, dissolved oxygen, pH, conductivity, redox potential and turbidity. Collected data are transmitted via telemetry for the whole profile every 3 hours. The VPS location, which is positioned near the intake tower (see point A in Figure 1 ), is also near the location of the weekly water samplings; although the average depth of the reservoir is 32 metres, the sampling site is more than 50 metres deep.
Through an effective collaboration with Seqwater, historical data from Advancetown Lake were made available, mainly from weekly manual water samplings and from the VPS. The data were typically collected close to the lower intake tower of the reservoir. Data from the manual samplings 
Data statistical analysis
The VPS data were pre-processed and analysed by filtering and sorting: that is, algorithms were created in order to extract, from the raw database, data under a time series format. Subsequently, it was possible to detect trends and seasonal or daily variations. Also, statistical tests were performed to detect nonlinearities, such as the BDS test (see Brock et al., 1996) , and nonnormalities, such as the Jarque-Bera (Jarque and Bera, 1987) and the Lilliefors test (Lilliefors, 1967) . Multivariate analysis was performed to find the highest correlation coefficient between each pair of variables, by optimizing the lag (i.e. the delay from time t) and the span (i.e. the number of time steps) of the moving average. Specifically, an algorithm was implemented for performing a multilinear regression analysis between all the possible pairs (X(t), Y(t)) within an analysed time series by calculating: are the standard deviations of , , and , , .
Moreover, scatter plots of each variable against another enabled a visual interpretation of any linear and nonlinear trends that may have been present. All of these analyses helped in understanding the causal relationships between the physical / chemical variables of the reservoir and thus enlightened a clearer picture of the dams' mixing processes.
Lake mixing dynamics
One-dimensional hydrodynamic models have been widely used in lake studies, assuming that the water bodies comply with the one-dimensional approximation in that the destabilizing forces variables (wind, surface heating and plunging inflows) do not act over prolonged periods of time (Imberger and Patterson, 1981; Han et al., 2000; Gal et al., 2003; Helfer et al. 2011) . Typically, the models predict the vertical distribution of temperatures, salinity and density in lakes and reservoirs by using empirical or published diffusion coefficient. However, in the present study in Advancetown Lake, the hourly vertical profiles of temperature, salinity and density have been continuously collected for 5 years. All VPS data, therefore, can be applied to calculate the mixing coefficients in a one-dimensional model assuming the one-dimensional approximation is valid.
The continuity to be satisfied for the 1D model is as the following:
with ( , ) and ( , ) being the water density and the vertical velocity at depth z and time t; A(z) is the lake cross-section at depth z which is assumed to change over depth, but not over time. In the present study, the VPS collected the temperature and conductivity in the water column; therefore the water density can be calculated through an empirical relationship, as in Millero and Poisson (1981) : The simplified advection-diffusion equation for heat transport can be written as:
where ( , ) is the water temperature at depth z and time t; ( , ) is the vertical diffusivity at depth z at time t; A is the lake cross-section at depth z; ( , ) is the heat source term due to heat exchange with the atmosphere (the heat exchange of inflow and outflow is ignored) and C w is volumetric heat capacity of water . Equation (2) can be discretised as:
where the superscript n is an index for time and subscript i is an index for depth (i=1 is the bottom depth); Δ is the distance between two adjacent layers, Δ is the time step, is the cross-sectional area of layer i. With the boundary condition that 1 = 0, +1 can be calculated by using Equation (5). The water column was discretised with Δz = 1m.and a time step of Δt = 3600 s.
The advection term in Equation (4) can be discretised as:
Substituting the calculated velocities from Equation (5), the vertical diffusivity +1 can be evaluated using the discretised Equation (4). Thus, such 1D model can be applied to calculate the vertical velocity ( , ) and the diffusivity ( , ) for each layer z and each time step t by applying all VPS data, in particular temperature data and conductivity.
Subsequently, the Péclet number was calculated (Vyazmin et al., 2001 ):
with L being the characteristic length. In unstratified flows, the characteristic length is the mean water depth; in a stratified lake, the length scale is the thickness of the selected epilimnion or hypolimnion layers. Whenever the Péclet number is higher than 1, advection can be considered dominant over diffusion; on the other hand, when it is less than 1, diffusion is more important than advection.
Moreover, since the lake circulation controls other transport processes in the lake, several lake indexes have been calculated to determine how stable the water column is (see e.g. Tundisi and
Matsumura, 2011, for a list). These indexes include the Brunt-Väisälä Frequency (buoyancy frequency, N) and the Schmidt Stability Index, SSI, illustrated in Equations (8) and (9) respectively, as in Yu et al. (2010) .
where g is the gravity force � Figure 3 gives a graphical representation of most of the variables present in the previous equations.
The Brunt-Väisälä Frequency represents the angular frequency at which a vertically displaced parcel will oscillate within a statically stable environment. The Schmidt Stability Index, on the other hand, represents the amount of work to be done by the wind, or other sources of work (such as artificial destratifiers) to overcome thermal stratification, and it is intended to provide a number for the lake as a whole (Schmidt, 1928) .
Ultimately, a one-dimensional analysis of internal waves was performed by plotting different isotherms over time; the higher the fluctuation over a small time scale (e.g. during one day), the stronger the internal waves. If strong internal waves are detected around the thermocline, this could lead to mixing processes between the nutrient-rich hypolimnion and the epilimnion. The period of the internal waves due to density differentials between the epilimnion and hypolimnion was calculated using the following equation as in Kanari (1975) :
where ∆ / is the fractional density difference between the two layers, ℎ 1 and ℎ 2 the thicknesses of the layers, g the gravity force and l the effective length of the lake (2 km).
Vertical waves velocities induced by internal waves was approximated by using the formula of Pernica et al. (2013) :
with being the internal wave amplitude and f its frequency.
Results and Discussions
3.1 Inter-relationship of the parameters Table 1 summarizes the results of the pre-processing of the data, focusing on the factors affecting the water column temperature differential, defined in Equation (13): can be considered a good indicator of water mixing, since it shows high values when the stratification is strong, but it goes to zero during mixing.
Specifically, Table 1 shows the results of the selected statistical tests, namely Jarque-Bera, Lilliefors, BC and BDS tests, and also the calculated correlation coefficients for the possible predictors of the water column temperature differential, optimized by the best lag and moving average. Firstly, it is possible to notice from the results of the aforementioned tests shown in Table   1 [mm] represents high precipitation events (i.e. > 40 mm/day). Hence, for any high rainfall event that usually occurs in summer, there is an exponential drop in the strength of the thermocline and therefore of the stratification. In conclusion, this second type of analysis allows detecting the importance of variables such as rain to trigger turbulent events that may be able to reduce the lakes' thermal stability and cause a partial mix of the water column. Nevertheless, analysis of historical data showed that such events were not able to induce a full mix in the lake outside of the critical winter period when the thermocline is already weak.
Lake mixing dynamics
From the conclusions of the data analysis, it is clear how the thermal cycle, which affects the strength of stratification and thus the intensity of the mixing processes, is strictly related to the air temperature and to the solar radiation, even though sporadic events such heavy rainy days can diminish the thermal stability. Figure 5 shows the relationship between water temperature at different depths and air temperature, besides other parameters. First of all, it can be noticed how the waters of the hypolimnion and epilimnion have the same temperature during winter, when the lake circulation occurs, thus confirming that Advancetown Lake is a warm monomictic reservoir circulating every winter. During the rest of the year, the epilimnion is warmer, reaching a maximum temperature differential with the hypolimnion during summer. It seems that the relationship between water temperature and air temperature is different between the warming season and the cooling season; during the latter, the air temperature cycle clearly anticipates the surface water temperature cycle. Contrariwise, the figure shows how rainfall events are significant only during summer, when the stratification is at its peak, thus leading only to partial water mixings through high inflow events. This process could be numerically quantified through Equation (14) as shown previously. Similarly, the wind is not very relevant in triggering the mixing. In Figure 5 , log(w)*f and so on) were also tested, and the reported transformation (w*f 2 ) yielded a slightly higher, despite still relatively low, correlation with water temperature than the other transformations. It can be seen how the wind is unable to accelerate the water mixing during the cooling season, which is rather a gradual process consisting of colder, denser surface water sinking downwards: thus, Advancetown Lake can be defined as "hydrologically deep", meaning that it is deep enough to prevent the wind action from destratifying the liquid mass (Straškraba et al., 1993) . Only during the second week of August 2010, after a first mixing occurred, a number of very significant wind events were able to mix the whole water column again. Overall, the air temperature appears to be the dominant predictor.
A study of internal waves was performed through the analysis of different isotherms. In Figure 6 , five isotherms located at around the depth of the thermocline during a period of two weeks in summer 2009 are represented. For this particular season, the internal wave period was calculated to be approximately 3 hours and the vertical velocity was 0.3 mm/s. It can be noticed how the amplitude of the waves is relatively small (λ < 1m), thus the vertical mixing in the metalimnion due to internal waves is typically limited.
Additionally, during very windy days such as on the 9 January 2009 (see Figure 6 , wind speed > 6 m/s for over 6 hours), it is shown how the wind has the power of creating a thicker surface mixed layer, pushing down the thermocline, which also becomes stronger (the 4°C differential was located within a 3-metre layer, but after the wind event the gradient was contained in a 1-metre layer only). Thus the wind can have a strong power in mixing and deepening the epilimnion.
However, the deepening only affects a few metres of the lake's total depth of around 50m at the VPS location. The lakes' depth implies that a high amount of work is required to fully mix it in periods of strong density stratification, which cannot be displaced by the wind only.
As a further confirmation of the unlikelihood of summer wind events being able to trigger a lake circulation, the calculated SSI and Brunt-Väisälä Frequency are shown in Figure 7 . The SSI figure
shows that, because of the strong density gradient present during stratification, a huge amount of work would be required to cause a destratification. The required amount of work increased even further after the 2012 "Stage 3" dam raising completion due to the significant increase in the reservoir volume. As it can be seen from Figure 8 , even though the strength of the stratification or the vertical thickness of the thermocline did not change significantly, the cross-sectional area A(z)
of the layers where the thermocline is present became bigger, since they are situated at higher elevations; hence, by applying the formula for SSI, the index value increases, as well as the stability of the water column. With the approaching of winter, the density gradient becomes weaker and weaker, thus enabling weaker and weaker wind events to mix the whole water column.
However, the mixings were recorded only when SSI ≅ 0, meaning that even in extreme water column instability situations the applied wind stress was not strong enough to complete the mixing.
Similar results were achieved by studying the Brunt-Väisälä Frequency, with the amount of work needed to break down the density gradient gradually decreasing during the cooling season.
In Figure 9 , the surface vertical velocity was calculated using + ( ) = 0 and plotted with the water column height and the rainfall time series. It can be noticed how there are sporadic important advection phenomena during heavy rainfall events during summer (e.g. February 2010 and 2012, January 2013), due to also the increased inflow, which is implicitly accounted by the water column height. However, it must be emphasized that the average vertical velocity values in the water column over the study period are in the order of 10 -9 m/s. However, Figure 10 shows that the diffusivity values are in the range of 10 -5 -10 -3 m 2 /s. The calculated Peclet number has confirmed that the diffusion mixing is the dominant process in the Advanced Lake. The convection term in Equation (4) can be ignored.
Interestingly, through the application of the developed one-dimensional model it is possible to localize the onset of the winter turnover events; this is clear from Figure 11 , where vectors representing diffusivities at different depths are plotted along with the water column temperature differential. As an example, it is possible to notice, at the end of May 2011, how suddenly high diffusion processes are present in the whole water column, rather than in the first 10-15m only.
During the same time steps, the water column temperature differential reached its minimum values, and a full lake circulation began.
Effect of volume and extreme events in mixing processes
Figures 12(a) and (b) show respectively the dissolved oxygen concentration and the water temperature in Advancetown Lake for the period from May to September 2013, which included the 2013 winter turnover; it can be noticed how the volume of the dam increased in February 2013 (see Figure 2 ) to its new full capacity.
The higher volume implies a higher amount of work needed to mix the whole water column, as it was shown through the SSI calculation. As a consequence of this, and of higher than normal winter temperatures (average minimum July temperatures and maximum August temperatures 2ºC
higher than 1992-2012 average values recorded in Gold Coast Seaway by the BoM), the figures show that only a partial mixing occurred. The water temperature of the water column was uniform for only a few nights in June, when the surface temperature typically drops an extra 0.5 °C compared to daytime. This might have enabled short-term mixings with the lower layers, with the colder surface waters sinking down towards deeper layers. However, because of the calculated velocities, few cold nights do not provide sufficient time for a full circulation to occur. Because the cold nights were followed by warmer-than-usual days, a weak stratification constantly took place during daytime, thus interrupting the transport processes occurring between surface and deeper layers. Usually, the whole column has the same temperature for at least one month, thus providing enough time for a full mixing. Moreover, through the dissolved oxygen concentrations it can be seen that there was a gradual mixing downwards, but it did not affect waters deeper than 30
metres. An increase in oxygen level in July in the very bottom waters was recorded, most likely due to the intrusion of well-oxygenated water coming from the shallower littoral areas. Figure 13 shows typical summer-winter vertical profiles for the upgraded dam; it can be noticed how in winter a very weak stratification persisted (0.8 ºC between top and bottom waters), and that was enough to limit the water mixing. Evidence of this process occurring is illustrated by the winter dissolved oxygen profile, which shows unexpected heterogeneous concentrations though the water column, while typically, if a full turnover occurs, almost homogenous concentrations from top to bottom is to be expected. Local negative peaks (at 6m in summer and 13m in winter as shown in Figure 13 (b)) are most likely caused by oxygen intrusions coming from the river.
Conclusions
A comprehensive analysis of the available field data for Advancetown Lake was performed. A onedimensional model determining the relative contribution of diffusion and advection was implemented, as well as an analysis of internal waves and the calculation of indices describing the mixing of the waters in the reservoir.
The main conclusions of the research study are the following:
• Advancetown Lake, prior the recent upgrade, could have been classified as a warm monomictic lake, with one full circulation occurring during winter encompassing the whole water column, and a propensity for partial mixings after summer turbulent events.
• The driving forces of the mixing processes are substantially different between summer and winter. In summer, rainfall, river inflow and wind can trigger partial water mixings. High inflow events create partial water mixings at the depth of the intrusions, heavy rain exponentially weakens the thermocline, and strong wind events can mix and deepen the epilimnion. However, the winter full lake circulation is driven by thermal instability of the water column only, since no high rainfall events occur during this dry season. Furthermore, wind does not appear to play a role in triggering the lake circulation; this is because Advancetown Lake can be classified as "hydrologically deep", requiring significant work by forces such as wind to mix such a body of water, when compared to shallower lakes.
• Because of the high correlation between lagged, smoothed values of air temperature, solar radiation and water temperature, there is potential for predicting the strength of thermal stratification up to 10 days ahead with a multivariate statistical model. Reliable air temperature forecasts, along with the use of a seasonal model were shown to further improve correlation coefficients. Moreover, it was possible to extract some nonlinear correlations between sporadic local drops in the thermocline strength and heavy rainfall events. Thus, by having reliable air temperature and rainfall forecasts, it would be possible to predict the strength of the thermal stratification for Advancetown Lake with a reasonable accuracy.
• The vertical mixing processes are driven mainly by diffusion, while advection plays only a minor, negligible role. The diffusion is higher during the winter circulation, while it is at its lowest during summer, because of the stability induced by a strong thermal stratification.
• The implemented one-dimensional model can be applied in real time to calculate diffusivities any time a new vertical profile of temperature and conductivity has been collected by the VPS, thus adding value to this tool and enabling better understandings of the mixing processes affecting the lake at any given time of the year.
• Internal waves located at the thermocline tended to be faster (0.3 mm/s) than velocities induced by vertical mixing processes; however, their amplitude is too limited to enable considerable mixing between the upper and lower metalimnion.
• During 2013, which is post the dam upgrade, the higher volume increased the level of resistance to a full lake circulation as demonstrated by an increase in SSI values; this characteristic was further compounded by a warmer-than-usual winter during that circulation period. As a result, only a partial mixing was evident in the top 30 metres of the reservoir.
Hence, in 2013, Advancetown Lake behaved more like a meromictic lake. Future work analysing the 2014 circulation processes will seek to confirm whether the dam upgrade has predominately transitioned the lake characteristics from a monomictic to a meromictic regime.
With the continuous monitoring of the features of the reservoir through the VPS, the analysis of the next winter circulation events will be of great interest. Meromixis leads to the formation of a constantly anoxic deep layer called monimolimnion, which contains an increased level of nutrients (Boehrer et al., 2009 ). In case of cold weather extremes leading to monimolimnetic overturns, those nutrients will reach the top, oxygenated layer called mixolimnion, where the water is usually drawn and redirected to the treatment plant, thus implying several issues for the water supplier.
Two main changes brought to meromixis in 2013: the increased reservoir's volume, which augmented the resistance to water mixing, and the warmer winter, which implied warmer waters and thus more work required for breaking down the thermal stratification. If the warmer winter had been the main factor, then average winter temperatures would lead to a full circulation again in 2014, regardless of the higher volume; on the other hand, if the increased volume had been the main factor, then most likely Advancetown Lake will be predominately exhibit meromictic characteristics in the future.
Implications and Future Research Directions
Having a good understanding of the physical properties of a water storage reservoir is pertinent for dam and water treatment plant operators. Also, changes to the catchment area and reservoir dimensions, as in the case with the recent Advancetown Lake upgrade, have implications on the 20 future characteristics of the lake and need to be carefully monitored and studied in advance of any unexpected nutrient build-up combined with different circulation events that may result and have detrimental effects to the water quality drawn from the reservoir for potable use purposes. This study, through the use of the high-frequency VPS data, enabled a deeper understanding of the processes related to mixing events in different seasons in Advancetown Lake. In 2014, further analysis will be undertaken to understand whether recent changes in lake circulation characteristics will be sustained or the lake reverts back to its historical monomictic state.
For Advancetown Lake and its supplied Gold Coast City region, there are a number of aspects that need to be carefully monitored and modelled in the future to ensure that dam operators can proactively address and mitigate future potential problems originating from the following:
• The expected increase in average temperatures could lead to warmer winters and constant meromixis, with very high concentrations of nutrients stored in the monimolimnion.
• Climate change will also bring to more frequent drastic events such as floods and droughts. In the case of drought, the volume of the reservoir will decrease, thus making a full circulation more likely; in the case of extreme floods, then rain and extremely high inflow events might play a more important role and increase the mixed layer depth during the partial mixing events than in the past.
• The expected rapidly increasing population in the Gold Coast City region will result in an increased demand for potable water, thus potentially leading to a decreased average volume in the dam at any point in time.
Further studies are required to better assess the relative importance of reservoir volume and air temperature in limiting the lake circulation processes, and to link these features with climate change and urban development scenarios. Such scenario analysis, supported by available empirical data, will enable predictions of the future likelihood of Advancetown Lake exhibiting either monomixis or meromixis characteristics in a particular year. 
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